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The human hand provides proof that the anthropomorphic configuration, properly controlled, is suc- 
cessful and gives a target to aim at for artificial hand / robot hand researchers. In this paper we discuss 
the human hand physiology and grasp capabilities. We then provide design on a double thumb, two 
finger robotic hand. Architecture of the hand, fingers and their dynamic modelling is discussed. Fi- 
nally, results are reported on the performance of a finger in the hand. 
1 Introduction - Human Hand Physiol- 
ow 
As well as being used to hold and manipulate 
objects, human hands are also part of our com- 
munication system, which complicates attempts 
to imitate the control system of the human hand. 
The structure of the hand arose because of its 
function and the function of the hand is a result of 
a process of natural selection or great design, de- 
pending upon your beliefs. Napier believes the 
hand has an advantage over the eye, as the hand 
can observe and then immediately proceed to do 
something about what it has observed, whereas 
the eye has to call upon the hand. The hand can 
also see around corners, in the dark and is situ- 
ated at the end of long, highly flexible arms that 
allow the sensory and motor activities to function 
at some distance from the brain. A point Napier 
stresses is that the hand itself is very primitive, 
but it is connected to a very powerful and compli- 
cated controller, the brain. 
This conclusion is supported by Klatzky and 
Lederman [2] who approach ‘The Intelligent 
Hand’ from a psychology perspective, and dis- 
cuss the way the brain uses the information the 
hand sends it. They also refer to robot hands us- 
ing haptic perception as a way of gathering in- 
formation. Haptics include skin sensors, giving 
vibratory, temperature and pressure information, 
and mechanoreceptors in joints, tendons and 
muscles, giving position and movement informa- 
tion [3]. 
Proximal and distal are two general anatomical 
terms describing the human hand which describe 
the relative position of two bones to each other. 
Proximal is the nearer of the two to the centre of 
the body, while distal is further away. 
Human hands are very individual. Generalisations 
can be made about people’s hands in different 
professions, but a person with short stumpy fin- 
gers can still be a wonderful concert pianist. This 
implies the brain has worked overtime to com- 
pensate for not having the extra reach and flexi- 
bility most concert pianists have. The skill of the 
hand lies in the brain. However, a broad stubby 
muscular hand is at an advantage at pick and 
shovel work where an extensive gripping surface 
is an advantage. 
The hand has 29 muscles, but some of these have 
several distinct parts which work separately, with 
separate tendons connecting them to the bones. 
Counting these, the effective number of muscles 
is 38, or almost twice the number of degrees-of- 
freedom. However, the arrangement of muscles 
is not simply a pair to work each degree-of- 
freedom. Most of the hand muscles cross several 
joints and work them all. Many of the hand mus- 
cles are in the forearm and are attached to the 
hand bones by tendons that have the effect of re- 
ducing bulk. The tendons pass through a narrow 
channel formed by the carpal bones and fibrous 
tissue, and spread out so that one superficial and 
one deep tendon passes into each finger, the su- 
perficial being in front of the deep. This means 
each finger can be bent separately, but connec- 
tions between the deep flexor tendons make it 
difficult to bend the little finger without also 
bending the ring finger. The tendons pass under 
bands of fibres that hold them close to the joints, 
so that they do not ‘bowstring’ out from the bones 
when the fingers are flexed. Figure 1 shows the 
arrangement of some of the hand muscles and 
tendons [ 11. 
The superficial flexor tendon flexes the middle 
joint and the deep flexor tendon acts mainly on 
the last joint of the fingers. The extensor tendon 
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bends both the middle and distal phalanges. The 
interosseous muscles lie either side of the meta- 
carpal bone and work the metacarpal-phalangeal 
joint, providing adduction, abduction and bend- 
ing. This is a total of five muscles to work a four- 
degrees-of-freedom finger, the absolute minimum 
needed. 
2 Human Hand Grasp 
Schlesinger [4] considered that the human hand 
has six generic grasp modes: the pen grasp, used 
for writing or cutting; the tip grip, often called 
fingertip prehension; the lateral grasp; the tweez- 
ers or scissors grip; the power grasp, sometimes 
called a palm grip and the pulp pinch. The hook 
grip, where one or more fingers are hooked into a 
handle or cavity and the spherical grasp, where all 
the fingers and the thumb are fairly evenly spaced 
around a spherical object, are two more grasps 
commonly used. 
Figure I Hand muscles and tendons [Napier] 
Opposition is perhaps the most important move- 
ment of the human hand. Many of the existing 
robot hands use only a point contact for opposi- 
tion, but the large contact area between the thumb 
and finger is important. It is also important to 
note that the forefinger's bi-axial joint has a small 
amount of rotation (circumduction). Without this 
the forefinger could not rotate to meet the thumb, 
which also rotates slightly. The proportion of the 
thumb to the forefinger is also important. 
The physiology of the human hand is in some 
ways complex, and in some ways, simple. The 
bone structure is a primitive design, but the hand 
is capable of so much with the sensitivity im- 
parted by the nerves of the hand, the dexterity 
provided by redundant degrees-of-freedom and 
the intelligent control provided by that marvel- 
lous parallel processor the brain. 
For the majority of robotic assembly tasks two 
'fingers' are sufficient. However, three fingers are 
needed to perform dextrous tasks in an unstruc- 
tured environment and for a grasp to achieve 
force closure of a two-dimensional object [4]. For 
force closure of three-dimensional objects and for 
some tasks of a manipulative nature more digits 
are required. More digits means that there is 
kinematic and actuation redundancy in the design 
[5] so the hand will be able to perform the same 
manipulation in different ways and adjust the 
gripping forces. Extra digits also mean that the 
grasps chosen need not rely on friction to be sta- 
ble. 
From literature [6, 71 it was concluded that at 
least four fingers are needed to provide enough 
digits for successful grasping and manipulation. 
To have a highly dextrous hand it was decided to 
design and partially build a hand with two 
thumbs. By building a hand with two thumbs, 
Figure 2, research can then be conducted to vali- 
date the claim that a hand with two thumbs will 
perform better in many more complex handling 
situations than a robotic hand with only one 
thumb. 
Figure 2 Double thumb robotic hand 
The hand will have two fingers to increase the 
total number of digits to the minimum number 
necessary to manipulate three-dimensional ob- 
jects and will also give two pairs of opposable 
digits capable of independent gripping. This will 
give rise to economy of movement as in the fol- 
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lowing situation: In an industrial application as a 
robot hand the first thumb/finger pair could grasp 
a rough part using a simple pinch and carry it to a 
finishing station. The second thumb/finger pair 
could pick up a finished part, load the rough part 
with the first thumbhnger pair and return with 
the finished part. Having two thumbs and two 
fingers is a symmetrical configuration so it will 
also allow the hand to be ambidextrous. 
3 Number of Axes and Degrees-of- 
Freedom in the Hand 
It is intended that each of the four digits in the 
artificial hand be based on the design of the hu- 
man digits. This means each digit will have four 
degrees-of-freedom with two axes of movement. 
The extra degrees-of-freedom are not strictly 
needed but allow the finger to have redundancy 
and hence avoid having singularities in the work 
envelope. The vertical axis will have three joints, 
each capable of a ninety degree range of move- 
ment. The horizontal axis will have one joint ca- 
pable of a 30 degree range of movement. It is 
desirable that the proximal joint has circumduc- 
tion so that it will be able to have full opposition. 
The joints are all revolute joints, mimicking the 
synovial hinge joints of the human hand. The 
thumb will have pitch and roll instead of the pitch 
and yaw the fingers have. To be able to success- 
fully control the movements of the robotic hand a 
dynamic model of the fingers must be developed. 
4 The Lagrange-Euler Formulation 
The derivation of the dynamic model of the robot 
fingers can be based on the Lagrange-Euler for- 
mulation which is simple and systematic. As- 
suming rigid body motion and excluding the dy- 
namics of electronic control devices, backlash, 
and gear friction, the resulting equations of mo- 
tion, are a set of second-order coupled non-linear 
differential equations. 
The L-E equations of motion provide explicit 
state equations for the robot finger dynamics [8]. 
These can be used to analyse and design ad- 
vanced joint-variable space control strategies [9]. 
The computation of the L-E requires a significant 
number of arithmetic operations and thus these 
equations are very difficult to utilise for real time 
control purposes. 
Many applications of L-E use the Denavit- 
Hartenberg matrix representation, to describe the 
spatial displacements between neighbouring link 
co-ordinate frames and to obtain the kinematic 
information and they employ the Lagrangian dy- 
namics technique to derive dynamic equations of 
a manipulator. The direct application of the La- 
grangian formulation, together with the Denavit- 
Hartenberg link co-ordinate representation, re- 
sults in a convenient and compact algorithmic 
description of the manipulator equations of mo- 
tion. The algorithm is expressed by matrix op- 
erations which facilitates both analysis and com- 
puter implementation. 
The evaluation of the dynamic and control equa- 
tions in functionally explicit terms will be based 
on the compact matrix algorithm derived in this 
section. 
The derivation of the dynamic equations of an n- 
degrees of freedom manipulator is based on the 
understanding of 
1. The 4x4 homogeneous co-ordinate transfor- 
mation matrix i-'Ai, which describes the spatial 
relationship between i" and (i-1)' links. The 
co-ordinate reference frame is shown in Figure 
2. The Lagrange-Euler equation, Equation 1.  
Equation [l] 
where L = Lagrangian function 
= K - P  
= kinematic energy (K)-potential en- 
ergy(P). 
K = total kinetic energy of the robot arm. 
P = total potential energy of the robot arm. 
qi = generalised co-ordinates of the robot arm. 
ti = generalised force or torque applied to the 
system at joint i. 
The Lagrangian-Euler formulation requires 
knowledge of the kinetic energy of the physical 
system which in turn requires knowledge of the 
velocity of each joint. 
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As an alternative to deriving more efficient equa- 
tions of motion several investigators turned to 
Newton's second law and developed various 
forms of Newton-Euler equations for an open link 
kinematic chain [lo]. These formulations when 
applied to a robot arm result in a set of forward 
and backward recursive equations with "messy" 
vector cross-product terms. The most significant 
aspect of this formulation is that the computa- 
tional time is reduced for real-time control. 
'i" M I - 1  
0 .. 
To find the acceleration vector si 
Equation 5 
If mi is the mass of link i and 'Zi is the inertia ten- 
sor with respect to the frame with the origin lo- 
cated at the centre of mass and si is the translation 
vector then the total external force % and total 
external moment n is given by 
0 
Equation 6 
Ii 
e 
Figure 3 Co-ordinate reference frame for a ro- 
botic finger 
Given that there is movement about joint Z as 
shown in Figure 3 and the using notation ARB to 
describe the translation matrix, the rotational 
vector is 'wi is given by, 
ov= O%i!Z$tzq if Revolute 
{o% ifbismatic, 
where 
0 R i  = [ O x i O y i O z i ]  and 
and the accelerati ons 
Equation 2 
e z - =  [ o , o , I ~  
are . \  
IOwi-1 if P, 
Equation 3 
0 .. 
and 
0 0 .  
ni ='Ii w i  +Owi x ( "Zi Owi). Equation 7 
Let 
link i-l on link i .  Also let 
and 'ni be the force and moment exerted by 
and 
0 i 
Pi=ORi Pi+l then 
Equation 8 
i-1 
Equation 9 0 f ~ - o f i - l =  fi 
and 
i , i-1 0 i-1 
O,i-o,i-l= P ~ + ] X  ni+ si+ f i .  
Equation 10 
Finally the relation between the joint driving 
force q and {%, 'ni} is obtained from Equation 
2to Equation 10. 
zi = { 0 zi T O  ni (if R)} Equation 11 and Pi is the translational acceleration of link i 
with respect to link 0 
'** r - 0  'a ( l - ' k L ) +  [ ( '-'A 5 Implementation and Development 
On completion of the modelling and mechanical 
design of the hand the next step was the imple- 
mentation of the design. The actuation of each 
P, = P,-l+ w,-1x '8 owt_Ix P ,  if R 
Equation4 
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finger in the hand is controlled by a micro con- provided an indication of the power of the double 
troller via in-house developed servo pneumatic thumb hand. 
valves. These valves supply air to a series of 
8 
pneumatic muscle [l 11. Position sensors are used 
to give the positional feedback on each joint. 
Pressure transducers provided pressure feedback [ 11 
for the control of each of the pneumatic muscles. 
121 
6 Results 
The work envelope is the result of the range of 
movement that each joint has. Figure 4 shows the [31 
range of movement of a finger in the hand. Each 
joint in the finger responds to the changes in pres- 
sure of the pneumatic muscles. 
For Joint 2, the fully extended position is 10 de- P I  
gees  below the horizontal, giving a total range of 
movement of 72 degrees. The fully extended po- 
sition is where the extending muscle is fully in- 
flated and the retracting muscle is fully deflated. 
As the retracting muscle is inflated, the extending 
muscle is deflated, until at full retraction the op- 
posite occurs. Joint 0 has a range of movement of [61 
108 degrees, so this gives a large work envelope, 
more than twice as large as a human forefinger, 
due to the large size of the robot finger. 
Figure 5 shows how the force exerted rises with 
the increased pneumatic muscle air pressure. The 
muscles develop the most force when fully in- 
flated. At 800 kPa the force exerted at the finger- [81 
tip of the prototype robotic finger is 1.95 kgf, 
which is sufficient to carry out grasping and dex- 
trous manipulation operations. If more force is 
desired, more muscles could be added to the 
PI 
[71 
[91 
joints in parallel with the existing muscles or the 
finger design could be modified to increase the 
force exerted by the muscles at the expense of the 
range of movement of the joint. 
7 Conclusions 
Double thumb robotic hand is a multi-fingered 
robotic hand capable of a number of grasps. 
Physiology of the human hand was discussed and 
then a robotic hand mimicking some of the hu- 
man hand operations were presented. A dynamic 
model of robotic finger with the double thumb 
hand was designed, developed and partially 
tested. Result on the movements of each joint by 
controlling the air pressure in the pneumatic mus- 
cle provided the work envelope of each finger. 
Finally, the force exerted at the tip of each finger 
in response to air pressure in pneumatic muscle 
101 
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Figure 5 Force exerted on the finger tip. 
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